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Abstract
Background: The release of phytosiderephores (PS) to the rhizosphere is the main root response to iron (Fe)
deficiency in graminaceous plants. We have investigated the role of the Fe status in the shoot as well as of the
signaling pathways controlled by three relevant phytoregulators – indolacetic acid (IAA), ethylene and nitric oxide
(NO) – in the regulation of this root response in Fe-starved wheat plants. To this end, the PS accumulation in the
nutrient solution and the root expression of the genes encoding the nicotianamine aminotransferase (TaNAAT) and
ferritin (TaFER) have been evaluated in plants subjected to different treatments.
Results: The application of Fe to leaves of Fe-deficient plants prevented the increase in both PS root release and
TaNAAT gene expression thus showing the relevant role of the shoot to root communication in the regulation of PS
root release and some steps of PS biosynthesis. Experiments with specific hormone inhibitors showed that while ethylene
and NO did not positively regulate Fe-deficiency induced PS root release, auxin plays an essential role in the regulation of
this process. Moreover, the application of IAA to Fe-sufficient plants promoted both PS root release and TaNAAT gene
expression thus indicating that auxin might be involved in the shoot to root signaling network regulating Fe-deficiency
root responses in wheat.
Conclusions: These results therefore indicate that PS root release in Fe-deficient wheat plants is directly modulated by
the shoot Fe status through signaling pathways involving, among other possible effectors, auxin.
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Background
The limitation of iron (Fe) bioavailability is one of the main
problems affecting both the yield and quality of many crops
cultivated in alkaline-calcareous soils [1, 2]. This fact is
mainly related to the ability of Fe to form highly insoluble
compounds in this type of soil, mainly hydroxides-oxides
and carbonates [3]. In order to cope with this problem
plants have developed specific coordinated mechanisms,
both in roots and shoots, to optimize the functional use of
Fe within the plant and Fe root uptake, as well as to in-
crease the pool of potentially available Fe in the
rhizosphere. However, these mechanisms are different de-
pending on the plant species [4–8].
Under Fe deficiency non-graminaceous plants have
evolved specific physiological responses in the root [4, 8, 9].
These responses, normally known as reduction-based strat-
egy or Strategy I, have been extensively studied and charac-
terized at both transcriptional and post-transcriptional
levels. Strategy I responses include the activation of enzym-
atic Fe (III) reduction at the root surface (Fe (III) chelate
reductase) and Fe (II) transport activity into the root (Fe
(II)-transporter). The dominant genes responsible for these
processes are ferric-chelate reductase oxidase gene FRO2
and the iron regulated transporter gene IRT1 [8]. The
release of proton and phenolic compounds to the rhizo-
sphere is another process included in Strategy I, inducing
acidification by the activation of a root plasma membrane
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H+-ATPase coded by HA genes [4, 8, 9]. Recently genes in-
volved in phenolic efflux transporters (PEZ) have been
identified [8]. Induction of these molecular components is
accompanied by morphological modifications in root archi-
tecture, such as an increase in secondary and lateral roots,
absorbent hairs and transfer cells [10].
All these events in roots seem to be closely coordinated
with other processes in shoots oriented to optimize the
metabolic availability and use of Fe within the plant [11, 12].
In fact, even though isolated roots are able to activate root
Fe-starvation main responses [13], it is the Fe-status in the
shoot which modulates the activation of physiological
Fe-starvation responses in roots [14–19].
On the other hand, graminaceous plants cope with
Fe-deficiency by activating root responses different from
those involved in Strategy I plants. These responses, known
as chelation-based strategy or Strategy II responses, include
the synthesis and release to the rhizosphere of specific
compounds with iron chelating properties named phytosi-
derophores (PS) [4, 5, 8, 20, 21]. PS are organic compounds
that belong to the family of mugineic acids synthesized
from S-adenosyl-L-methionine (SAM). Sequential enzym-
atic reactions mediated by nicotianamine synthase (NAS),
nicotianamine aminotransferase (NAAT) and deoxymugi-
neic acid synthase (DMAS) generate deoxymugineic acid
(DMA), the precursor of all types of mugineic acids (MAs)
[22–24] Fe deficiency tolerance differs among species in
graminaceous plants and is thought to depend mainly on
the amount and types of MAs secreted [8]. The Fe-PS
complex is then transported into root cells through a high
affinity uptake root transporters, like TOM1 transporter of
mugineic acid family phytosiderophores and YS1 and YSL1
of Fe(III)-MAs complexes transporters [8, 22]. As in the
case of Strategy I responses, the gene network involved in
the regulation of Strategy II responses have been well char-
acterized at both molecular and physiological levels in
some model plants, such as rice and barley [8, 25, 26]. In-
duction of Fe acquisition related genes help the plants cope
with Fe shortage, as well as genetic regulatory factors such
as DNA methylation and co-supression [26], and generat-
ing transgenic crops with improved nutritional traits [8].
For instance, rice secretes only small amounts of DMA
among the MAs, and is more susceptible to low Fe avail-
ability compared with barley, a plant species with high cap-
acity to produce MAs [8]. Introducing barley genome
fragments containing Hv NAAT-A/B, HvNAS1 or IDS3
into rice resulted in increased DMA secretion and substan-
tial tolerance of rice to calcareous soils under paddy condi-
tions [27]. However, the role of the shoot Fe status in the
systemic regulation of Fe-deficiency root responses in-
volved in their regulation remains unclear.
Several common signaling molecules affect the Fe defi-
ciency response, like plant hormones. Moreover, a number
of studies have shown the crucial role of a coordinated
action of IAA, ethylene and NO in the signaling network
involved in both shoot to root communication and
Fe-deficiency root responses activation [17, 18, 28–31].
Some studies reported that NO may affect Fe-deficiency
root responses in graminaceous plants by improving in-
ternal Fe availability and further use efficiency [32]. NO
production contributes to the improvement of Fe acquisi-
tion and homeostasis by regulating the expression of
Fe-related genes under Fe deficiency, such as modulating
ferritin genes and its accumulation in leaves [33]. Further-
more, NO modulated the physiological and morphological
responses to Fe shortage [34], like regulating lateral root
formation in Fe deficient plants [35].
With regard to ethylene (ETH) Welch et al. [36] re-
ported that the application of the ETH precursor
1-aminocyclopropane-1 carboxylic acid (ACC) to barley
plants did not affect PS root release under Fe-starvation.
However, the application of amino-oxiacetic acid (AOA),
an ethylene inhibitor, increased PS root release but nega-
tively affected both Fe root uptake and whole plant
growth [34]. Romera et al. [37] did not observe any in-
crease of ethylene root production associated with
Fe-deficiency in several graminaceous species. However,
Wu et al. [38] observed that Fe deficiency increases
ethylene root production in rice. These results are only
apparently contradictory because rice seems to have
both strategy I and strategy II root responses to Fe defi-
ciency [39–41]; as is also the case with maize [42].
As for a potential role of auxin-dependent signaling
pathways, Qi et al. [43] described that OsARF12, a tran-
scription factor that activates the auxin response gene,
affected Fe accumulation and distribution in rice. Fur-
thermore, Xu et al. [44] also described a new gene,
OsABCB14, involved in both auxin transport and Fe
homeostasis in rice. Recently, Liu et al. [41] reported
that auxin signaling is involved in the regulation of
Fe-deficiency induced impairment of photosynthetic ac-
tivity and shoot growth in rice, as well as in the activa-
tion of the main gene codifying the Strategy I main
responses in shoots. These results are in line with previ-
ous studies showing the relevant role of auxin in the
regulation of Strategy I responses under Fe deficiency
[28, 29]. Bacaicoa et al. [30] reported that IAA is in-
volved in the regulation at the transcriptional and func-
tional levels of both Fe root acquisition (Fe chelate
reductase, Fe transport) and rhizosphere adcidification
(H+ ATPase) in cucumber plants, although through dif-
ferent and complementary mechanisms. However, the
results concerning genes involved in Strategy II re-
sponses (OsYSL15 and OsDMAS1) were less conclusive
[41]. Recently, Kabir et al. [45] reported that a
shoot-based auxin signaling is involved in the resistance
of wheat to Fe toxicity. In summary, there exists experi-
mental evidence suggesting that auxin is involved in Fe
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homeostasis in graminaceous plants but its specific role
remains unclear.
With regard to the potential role of other plant hor-
mones, a recent study reporting the transcriptomic pro-
files of maize roots in response to Fe deficiency showed
that genes involved in signaling pathways controlled by
gibberellin, cytokinin and brassinosteroids (BRS) were
significantly up-regulated. These results are in line with
those reported by Wang et al. [46, 47] showing that BRS
probably play a role in iron homeostasis in both Strategy
I (cucumber) and Strategy II (rice) plants. Likewise, a re-
cent study showed that genes also regulated by jasmo-
nate were also upregulated in rice plants subjected to Fe
deficiency [48].
In this framework, it is possible that Fe-deficient root
responses in graminaceous plants are also modulated by
the shoot Fe status through signaling pathways involving
one or several phytoregulators. In order to investigate
this hypothesis, we have studied whether the Fe-status
in the shoot modulates PS secretion in roots, as well as
the role of IAA, NO and ethylene in the regulation of
this process, in wheat plants subjected to Fe deficiency.
With this aim, we have used a pharmacological approach
involving inhibitors of the biosynthesis and/or action of
IAA, ethylene and NO. Likewise, the role played by the
shoot Fe-status in PS root release was also assessed
through foliar FeSO4 resupply to Fe-starved wheat
plants. The PS-related root responses under
Fe-deficiency were studied using three approaches:
(i) The study of the expression of the gene encoding
nicotianamine aminotransferase (TaNAAT) in
roots. This gene plays a key role in the biosynthesis
pathway of PSs (PSs-mugeneic family) from
nicotianamine.
(ii) The study of the expression of the gene encoding
ferritin biosynthesis in leaves (TaFer1 and TaFer2),
which plays a key role in Fe internal bioavailability
in leaves [8, 49].
(iii)The study of the concentration of PSs in the
nutrient solution.
Methods
Plant culture and experimental design
Seeds of Triticum aestivum cv. Bermude were germi-
nated with distilled water in 300 ml plastic opaque pots
containing perlite, in a germinating chamber in the dark-
ness and at a temperature of 25 °C and 85% of relative
humidity, for 10 days. After germination, the seedlings
were grouped into two groups, one receiving Fe and the
other without Fe, and transferred to 8 L pots and grown
in aerated hydroponic culture for 11 days in a growth
chamber. Fe-sufficient plants were grown with 89 μM
EDTA-Fe, while Fe-deficient plants were grown without
Fe in order to induce iron deficiency. The nutrient solu-
tion containing the other nutrients were the same for all
plants and contained 5 mM N, 5 mM K, 4 mM Ca,
1 mM P, 1 mM S, 1 mM Mg, 18 μM Mn, 0.9 μM Cu,
1.75 μM Zn. The nutrient solutions were renewed every
week. The initial pH of the nutrient solution was 6.0 and
did not show significant changes during the experiment.
The growth chamber conditions were as follow,
temperature of 24/18 °C and 50–70% relative humidity
with a 15/9 h day/night photoperiod (irradiance:
250 μmol m− 2 s− 1 photosynthetically active radiation).
After 11 days, the plants belonging to the two groups
(+Fe and –Fe) were transferred to renewed nutrient solu-
tions and the different pharmacological treatments were
applied: IAA- or ethylene- inhibitors (for Fe-starved
plants), a NO-scavenger (for Fe-starved plants), or IAA
(for Fe-sufficient plants) depending on the experiment
carried out. Final doses of the different inhibitors used, as
well as IAA doses, were selected according to previous re-
sults obtained from time-course, dose-response prelimin-
ary experiments (data not shown). Each treatment
consisted of three replicates with 20 plants per replicate.
In experiments focused on the study of the functional
role of IAA on root responses to Fe deficiency, the follow-
ing IAA inhibitors and doses were used: 2-(p-chlorophe-
noxy)-2-methylpropionic acid (PCIB, 200 μM) and
2,3,5-triiodobenzoic acid (TIBA, 50 μM). PCIB was used
dissolved in dimethyl sulfoxide (DMSO) and added to the
nutrient solution (the same volume of DMSO was added
to control treatments). TIBA was used dissolved in metha-
nol and added to the nutrient solution (the same volume
of methanol was added to the control treatments). In ex-
periments focused on the ability of IAA to activate PS root
release in plants growing in Fe-sufficient conditions, doses
of 0.1 μM and 10 μM of IAA were applied to the nutrient
solution of Fe-sufficient plants.
In order to investigate the role of ethylene and NO in
the study of Fe-deficiency root responses, silver thiosul-
phate (STS, 100 μM) and cobalt as cobalt nitrate (Co2+,
5 μM) were used as ethylene inhibitors. As an
NO-scavenger, 2-phenyl- 4,4,5,5-tetramethylimidazoli-
ne-3-oxide-1-oxyl (c-PTIO, 50 μM) was used. Both were
supplied in the nutrient solution.
In experiments focused on the potential role of shoot
Fe status in the regulation of the activation of
Fe-deficiency root responses, 3.6 mM Fe as FeSO4 was
applied on the leaves of Fe-starved plants. Foliar treat-
ments contained 0.1% of a surfactant, in order to ensure
a good distribution of sprayed solution on the leaf sur-
face (Biopower; sodic alkyl ether sulfate; Bayer
Crop-Science). Previous studies showed that this surfac-
tant, used at 0.1%, did not affect Fe-root stress responses
at both transcriptional and post-transcriptional levels
(data not shown).
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Harvests were carried out at 4, 72 and 96 h upon
pharmacological treatments application. The harvests
were conducted at the same time of the day to exclude
diurnal variations, which meant 8 h after the start of the
light period. Shoots and roots were dried at 60 °C for
dry matter evaluation and the analysis of total Fe and
the Fe fraction that is soluble in 0.1 M HCl. The total Fe
was determined after acidic digestion of dried samples,
and soluble Fe was determined after extraction of fresh
samples in 0.1 M HCl (1:10) for 16 h at room
temperature. Analyses were carried out by ICP-OES. A
specific portion of the shoots and roots was
quick-frozen in liquid nitrogen for hormone and gene
expression analyses.
Root exudates were collected for the measurement of
phytosiderophore release from roots at each harvest
time. For the collection of root exudates, intact plants
were removed from the nutrient solution and the roots
were washed with deionized water. Thereafter, plants
were placed in 200 ml aerated distilled water for 3 h.
Root exudates were collected and frozen at − 40 °C fol-
lowing previous treatment with Micropur (Katadyn,
Switzerland) to prevent microbial degradation.
Phytosiderophores determination
Phytosiderophores were measured as described in Reich-
man and Parker [50]. Briefly, a 10 ml aliquot of sample
solution was dispensed into a vial and 10 ml of a blank
of deionized water was dispensed into a separate vial.
0.5 ml of 0.6 mM FeCl3 was added to each vial. All vials
were shaken for 15 min, and then 1 ml of 1.0 M
Na-acetate buffer (pH 7.0) was added and the solutions
were shaken for 10 min. To reduce Fe (III) to Fe (II), the
solutions were filtered through a 0.2 μm filter into
0.25 ml of 6 M HCl and then 0.5 ml of 80 g L− 1 hydrox-
ylamine hydrochloride was added. All the solutions were
placed in an oven at 50–60 °C for 30 min. After incuba-
tion 0.25 ml of 2.5 g L− 1 Ferrozine and 1 ml of 2.0 M
Na-acetate buffer (pH 4.7) were added to the solution.
Finally, the tubes were shaken briefly to mix the con-
tents and after 5 min the absorbance at 562 nm was de-
termined. The absorbance readings were converted into
concentration using the Beer-Lambert law against a ref-
erence curve prepared with adequate Fe standards. It
was assumed that the stoiquiometry of reaction is 1:1.
Extraction and quantification of IAA in plants tissues
The extraction and purification of IAA, as well as its
quantification, was carried out according to the method
described in Bacaicoa et al. [30].
Real-time quantitative RT- PCR analysis
The roots of the plants were collected and ground to a
powder with liquid nitrogen prior to RNA extraction. Total
RNA was extracted from between 50 and 90 mg of crushed
root using a mix of 350 μL of guanidinium-thiocyanate lysis
buffer and 3.5 μL of β-mercaptoethanol of NucleoSpin
RNA Plant Kit (Macherey-Nagel, Düren, Germany). Fol-
lowing this, treatment of RNA with DNase was performed
according to the manufacturer’s recommendations. After
washing extracted RNA with dry silica membranes pro-
vided by the kit, RNA purity and concentration was quanti-
fied by fluorescence-based Experion RNA STdSens
Analysis kit. First-strand cDNA synthesis was carried out in
20- μL reactions containing 1 μg of RNA with RNase H+
MMLV reverse transcriptase iScript and a mix of oligo(dT)
and random hexamer primers from iScript cDNA Synthesis
Kit (Bio-Rad Laboratories, Hercules, CA). The reverse tran-
scription was made up for 5 min at 25 °C, 30 min at 42 °C,
and ended by 5 min at 85 °C. The gene expression was ana-
lyzed with the CFX384 Touch Real-Time qPCR detection
System (Bio-Rad Laboratories) using iQ SYBR Green super-
mix (Bio-Rad) containing hot-start iTaq DNA polymerase
in 10- μL reaction volume with 1 μL of cDNA.
Primer pairs used to amplify wheat nicotianamine
transferase TaNAAT were designed from BT009504.
Sense primer5´- TCATCATAAACCCAAACAATCC-3′
and antisense 5′- TATACCTCGTCAGCAATCAC-3′.
Primer pairs used to amplify wheat ferritin genes were
those described in Borg et al. (2012)51. TaFer1: sense
5’-GGCTCCAGTCAATCGTCACA-3′ and antisense
5’-ACAAAGTCGGTCAGCTGAGG-3’.
Primers were synthesized by Sigma-Genosys (Cam-
bridge, United Kingdom). Standardization was carried out
based on the expression of the Triticum aestivum RNase
L-inhibitor-like protein (RLIa) gene in each sample, using
corresponding specific primers (Unigene Ta2776). Data
analysis of the relative abundance of the transcripts was
done using CFX manager Software Data Analysis (Bio-Rad
Laboratories). Data were normalized with respect to the
transcript level of the reference gene with the normalized
expression method (ΔΔCt). Expression analyses were car-
ried out on three independent root RNA samples and re-
peated three times for each RNA sample.
Statistical analysis
Significant differences (p ≤ 0.05) among treatments were
calculated by using one-way analysis of variance
(ANOVA) and the HSD Tukey post hoc test. All statis-
tical tests were performed using the statistical package
Statistica 6.0 (StatSoft, Tulsa USA).
Results
Plant model validation
An initial experiment was carried out in order to valid-
ate our plant model for Fe deficiency studies in wheat.
Fe-starved plants presented a clear reduction in the
growth of both shoot and root, as well as an intense
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chlorosis in leaves that was reflected in the decrease in
leaf chlorophyll measured in SPAD units (Table 1, Fig. 1).
Likewise, Fe- deficiency was accompanied by a signifi-
cant decrease in both total and soluble Fe, as well as the
release of PS from the root to the nutrient solution.
Foliar Fe supply to Fe-deficient plants avoided root PSs
release and TaNAAT gene up-regulation
Fe starvation caused a significant increase in both PS
root release and TaNAAT gene expression in roots
(Fig. 2a, b). In order to investigate whether the Fe-status
in the shoot plays a dominant role in the regulation of
these root responses to Fe-deficiency, we studied the ef-
fect of the application on the leaves of Fe-deficient
plants of foliar sprays containing water-soluble Fe, on
both root TaNAAT gene expression and the PS release
to the nutrient solution.
The results showed that both TaNAAT gene expression
in roots and PS root release were reduced 4 h upon
Fe-foliar treatment compared to control Fe-deficient
plants and disappeared after 72 and 96 h (Fig. 2a, b).
These results indicate that the Fe-status in the shoot
modulates the activation of Fe-deficiency root responses
in wheat.
Ethylene inhibitors did not avoid PS root release and
TaNAAT gene up-regulation in Fe-deficient plants
Previous studies indicated that ethylene affected plant
root responses to Fe starvation in graminaceous plants
[38]. In order to assess whether ethylene positively regu-
lates the main Fe-deficient root responses, we investi-
gated the effect of two different ethylene inhibitors -
silver thiosulfate (STS), an inhibitor of ethylene action;
and Co2+, an inhibitor of ethylene biosynthesis, on PS
root release and root TaNAAT expression, in
Fe-deficient wheat plants. The results obtained showed
that the presence of either Co2+ or STS did not consist-
ently affect PS release to the nutrient solution in
Fe-deficient plants (Fig. 3a).
On the other hand, STS significantly reduced TaNAAT
expression with respect to Fe-starved plants for 72 and
96 h upon treatments, although TaNAAT expression levels
were significantly higher than those for Fe-sufficient plants
(Fig. 3b). Co2+ did not affect TaNAAT expression in
Fe-deficient plants (Fig. 3b).
These results indicate that ethylene does not positively
modulate the studied Fe-deficiency root responses in
wheat.
Application of c-PTIO did not affect the studied Fe-
deficiency root responses
Previous studies reported the ability of NO to enhance
Fe availability within the plant in both graminaceous and
dicotyledonous plants subjected to Fe starvation, thus
mitigating the deleterious effects of Fe deficiency [32]. It
is likely that this action of NO might modulate in some
way root plant responses to Fe deficiency. In addition,
some studies showed that NO works as a secondary
Table 1 Physiological parameters under Fe sufficient and Fe starved treatments
Shoot 4 h DW Total Fe Sol. Fe SPAD PN PS IAA
-Fe 1.38 (0.05) 36.6 (2.38) 29.4 (3.65) 28.8 (1.53) 3.95 (0.97) – 31.1 (4.70)
+Fe 1.68 (0.17) 76.0* (5.62) 57.5* (2.51) 39.1* (1.31) 4.82 (0.57) – 34.6 (5.47)
Root 4 h
-Fe 0.90 (0.19) 45.0 (2.29) – – – 4.98* (1.91) 20.6 (1.47)
+Fe 0.81 (0.08) 640* (25.4) – – – 1.36 (0.47) 39.2* (7.52)
Shoot 72 h DW Total Fe Sol. Fe SPAD PN PS IAA
-Fe 1.72 (0.18) 39.6 (1.25) 29.8 (1.48) 19.7 (1.65) 2.65 (0.56) – 29.5 (4.89)
+Fe 2.90* (0.25) 123* (27.8) 92.6 (3.75) 39.4* (2.50) 4.08* (0.49) – 29.8 (2.50)
Root 72 h
-Fe 1.08 (0.18) 39.0 (4.75) – – – 2.63* (0.96) 25.8 (5.15)
+Fe 1.13 (0.25) 294* (10.8) – – – 0.18 (0.04) 41.9* (3.36)
Shoot 96 h DW Total Fe Sol. Fe SPAD PN PS IAA
-Fe 1.74 (0.20) 40.9 (5.15) 22.2 (2.02) 22.7 (0.64) 2.28 (0.64) – 31.9 (6.52)
+Fe 2.94* (0.07) 88.6* (6.05) 67.7* (5.42) 43.8* (2.41) 4.10* (0.35) – 31.7 (6.80)
Root 96 h
-Fe 1.10 (0.16) 73.8 (9.04) – – – 5.64* (1.36) 28.6 (6.45)
+Fe 1.34 (0.16) 495* (6.11) – – – 0.60 (0.36) 44.2* (1.29)
Dried Weight: DW (g), Total Iron: Total Fe (μg·g−1), Soluble Iron: Sol. Fe (μg·g− 1), Chlorophyll content as SPAD measure in arbitrary units SPAD (a.u.), Photosynthetic
Rate: PN (μmol·m− 2·s− 1), Phytosiderophore concentration: PS (μmol·g− 1 FW), Indole-acetic acid: IAA (pmol·g− 1 FW). Standard deviation in parentheses. *means
statistical differences between treatments, p < 0.05 (Tukey HSD test)
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Fig. 1 Morphological effects on wheat Fe-sufficient plants (+Fe) and wheat Fe-starved plants (-Fe)
Fig. 2 Effect of iron resupply on wheat plants under iron deficiency.
a Phytosiderophores (PS) release by Fe-sufficient plants (+Fe), Fe-
starved plants (-Fe) and Fe supplied to Fe-starved plants (Foliar Fe)
in μM (assuming a Fe-PS chelation 1:1) per g of root fresh weight.
Average of 3 replicates with 20 plants each. p < 0.05 (Fisher LSD
test). b Relative root TaNAAT gene expression in Fe-sufficient plants
(+Fe), Fe-starved plants (-Fe) and Fe supplied to Fe-starved plants
(Foliar Fe). Average of 3 replicates with 20 plants each. p < 0.05
(Tukey HSD test)
Fig. 3 Effect of ethylene inhibitors supply on wheat plants under
iron deficiency. Harvest were performed at 4, 72 and 96 h of
treatment, which corresponded to the three columns per treatment (a)
Phytosiderophores (PS) release by Fe sufficient plants (+Fe), Fe-starved
plants (-Fe), and Fe-starved plants plus ethylene inhibitors: STS (100 μM),
Co2+ (5 μM) plants in μM (assuming a Fe-PS chelation 1:1) per g of root
fresh weight. Average of 3 replicates with 20 plants each. p < 0.05 (Fisher
LSD test). b Relative root TaNAAT gene expression in Fe sufficient plants
(+Fe), Fe-starved plants (-Fe), and Fe-starved plants plus ethylene
inhibitors: STS (100 μM), Co2+ (5 μM) plants. Average of 3 replicates with
20 plants each. p< 0.05 (Tukey HSD test)
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messenger of auxin signaling in Strategy I root responses
to Fe deficiency [28]. In order to investigate this hypoth-
esis, we studied the effect of the application of a
NO-scavenger (c-PTIO) to the nutrient solution of
Fe-deficient plants on the expression of genes encoding
TaNAAT in roots and ferritin in leaves (TaFer1), as well
as PS root release.
The results showed that c-PTIO application to
Fe-deficient plants did not affect PS release to the nutri-
ent solution, as well as TaNAAT up-regulation in roots
(Fig. 4a, b). On the other hand, results showed that
Fe-deficiency caused a significant down-regulation of
TaFer1, a fact that was not affected by c-PTIO applica-
tion (Fig. 4c).
Inhibition of IAA transport and functionality blocked both
the PS root release and the root TaNAAT up-regulation in
Fe-deficient wheat plants.
A number of studies suggested that auxin-signaling
pathways seem to be involved in the plant ability to grow
under Fe deficiency in graminaceous plants [41, 43, 44].
It is thus possible that, as in the case of dicotyledonous
plants, auxin plays relevant roles in Fe-deficiency root
responses also in graminaceous plants. In order to chal-
lenge this hypothesis, we investigated the effect of the
application of two IAA inhibitors - an inhibitor of IAA
transport within the plant (TIBA) and an inhibitor of
IAA action (PCIB) – on both root TaNAAT gene expres-
sion and PS root release, in Fe-deficient wheat plants.
The results obtained showed that the inhibition of
IAA transport by the application of TIBA significantly
reduced TaNAAT gene expression in Fe-deficient plants
only 4 h after its application, while it reduced PS root re-
lease for all harvest times (Fig. 5a, b). However, PCIB ap-
plication blocked TaNAAT gene up-regulation in roots
for all harvest times and PS root release after 72 and
96 h, in Fe-deficient wheat plants (Fig. 5a, b). These re-
sults indicate that auxin-signaling pathways play a cru-
cial role in the activation of studied root responses to
Fe-deficiency in wheat, with this action being related to
auxin transport and distribution.
IAA root application induced root TaNAAT gene
expression and PS root release in Fe-sufficient wheat
plants
In order to investigate whether IAA is involved in the
role of shoot Fe-status in the positive modulation of
Fe-deficient root responses, we studied the effect of IAA
application to roots of Fe-sufficient wheat plants on both
root TaNAAT gene expression and PS root release. If
IAA participates in the activation signaling network, its
application to Fe-sufficient plants must activate to some
extent, at least, Fe-deficiency root responses.
Fig. 4 Effect of nitric oxide inhibitor supply on wheat plants under
iron deficiency. Harvests were performed at 4, 72 and 96 h of
treatment, which corresponded to the three columns per treatment
(a) Phytosiderophores (PS) release by Fe-sufficient (+Fe), Fe-starved
(-Fe), and Fe-starved plants treated with the NO-scavenger c-PTIO
(50 μM); in μM (assuming a Fe-PS chelation 1:1) per g of root fresh
weight. Average of 3 replicates with 20 plants each. p < 0.05 (Fisher
LSD test). b Relative root TaNAAT gene expression in Fe-sufficient
(+Fe), Fe-starved (-Fe), and Fe-starved plants treated with the NO-
scavenger c-PTIO (50 μM). Average of 3 replicates with 20 plants
each. p < 0.05 (Fisher LSD test). (c) Relative root TaFer1 gene expression
in Fe-sufficient (+Fe), Fe-starved (-Fe), and Fe-starved plants treated
with the NO-scavenger c-PTIO (50 μM). Average of 3 replicates with 20
plants each. p < 0.05 (Tukey HSD test)
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The results showed that the application of 0.1 and
10 μM IAA to roots of Fe-sufficient plants caused a
dose-dependent effect on both PS root release and root
TaNAAT gene expression, compared with non-treated
Fe-sufficient plants (Fig. 6a, b). Thus, the lowest dose of
IAA caused a prompt (4 h) but transient increase in PS
root release (Fig. 6a), which was associated with a slight
but significant increase in root TaNAAT expression at
4 h, while the highest dose caused an increase of both
PS root release and TaNAAT expression in roots with
time (Fig. 6b).
Fe-deficiency was not associated with significant
increases in IAA root and shoot concentrations
In order to investigate whether the above described ef-
fects of IAA on the regulation of Fe-deficiency root re-
sponses were accompanied by an increase in the IAA
root and shoot concentrations, we analyzed the IAA
concentration in both roots and shoots of Fe-sufficient
plants, as well as in Fe-deficient plants before and after
receiving Fe-foliar resupply.
The results showed that plants subjected to Fe defi-
ciency instead of presenting an increase of IAA root
concentration, showed a significant decrease (Fig. 7a).
No differences were observed between the shoot IAA
concentration of Fe-sufficient and deficient plants
(Fig. 7a), while a significant decrease was observed in
the root of Fe-deficient plants treated with TIBA and
PCIB (Fig. 8).
Interestingly, Fe-foliar resupply to Fe-deficient plants
reduced IAA root concentration even more than Fe defi-
ciency alone, over time (Fig. 7b).
Fig. 5 Effect of indole acetic acid inhibitors supply on wheat plants
under iron deficiency (a) Phytosiderophores (PS) release by Fe-sufficient
(+Fe), Fe-starved (-Fe), and Fe-starved plants treated with PCIB (200 μM)
or TIBA (50 μM); in μM (assuming a Fe-PS chelation 1:1) per g of root
fresh weight. Harvests were performed at 4, 72 and 96 h of treatment,
which corresponded to the three columns per treatment. Average of 3
replicates with 20 plants each. p < 0.05 (Fisher LSD test). b Relative root
TaNAAT gene expression in Fe-sufficient (+Fe), Fe-starved (-Fe), and
Fe-starved plants treated with PCIB (200 μM) or TIBA (50 μM). Harvests
were performed at 4, 72 and 96 h of treatment, which corresponded to
the three columns per treatment. Average of 3 replicates with 20 plants
each. p< 0.05 (Tukey HSD test)
Fig. 6 Effect of indole acetic acid (IAA) supply on Fe-sufficient wheat
plants (a) Phytosiderophores (PS) release by Fe-sufficient plants (+Fe)
treated with IAA (0.1 or 1 μM); in μM (assuming a Fe-PS chelation
1:1) per g of root fresh weight. Harvests were performed at 4, 72
and 96 h of treatment, which corresponded to the three columns
per treatment. Average of 3 replicates with 20 plants each. p < 0.05
(Tukey HSD test). b Relative root TaNAAT gene expression in Fe-
sufficient plants (+Fe) treated with IAA (0.1 or 1 μM). Harvests were
performed at 4, 72 and 96 h of treatment, which corresponded to
the three columns per treatment. Average of 3 replicates with 20
plants each. p < 0.05 (Tukey HSD test)
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Discussion
Whereas the molecular network involved in Strategy I
and Strategy II plant root responses to Fe-deficiency
have been well established [4, 8, 9], the signaling path-
ways governing these processes at the whole plant level
are less well known, especially in the case of Strategy II
plants. In Strategy I plants, a number of studies have
shown that, though roots are able “per se” to activate
Fe-starvation root responses, the systemic regulation of
these responses depends on the Fe-status in the shoot
[14–16, 19]. Several studies have proposed that the dom-
inant role of the shoot in the activation of Fe-deficiency
responses in roots is probably also present in Strategy II
plants [8]. However, there is no experimental evidence
supporting this assessment. In Strategy I plants, this
question has been tackled by using split-root experi-
ments and/or Fe-foliar application [14–16, 19]. While
Fe-foliar application allows us to study whether
Fe-deficiency root responses are governed by shoot
Fe-status (systemic regulation), split-root experiments
also allow the discrimination between local and systemic
shoot-root signal regulation [14, 16, 19, 51]. In the
present study, we have employed the Fe-foliar re-supply
approach in order to investigate the role of the shoot in
the fine control of the activation of the studied
Fe-deficiency root responses in wheat. If Fe-deficiency in
the shoot governs the activation of these Fe-deficiency
responses in roots, the application of available Fe to
leaves of plants suffering Fe-deficiency must significantly
reduce the expression of Fe-deficient root responses, as
observed in Strategy I plants. Our results clearly showed
this fact. The Fe foliar application to Fe-starved and
Fig. 7 Plant concentration of Indole Acetic Acid (IAA) on wheat
plants under Fe deficiency and treated with IAA inhibitors. (a) IAA
concentration in shoots of Fe-sufficient (+Fe), Fe-starved (-Fe), and
Fe-starved plants treated with PCIB (200 μM) or TIBA (50 μM); in
pmol per g of root fresh weight. Harvests were performed at 4, 72
and 96 h of treatment, which corresponded to the three columns
per treatment. Average of 3 replicates with 20 plants each. p < 0.05
(Tukey LSD test). b IAA concentration in roots of Fe-sufficient (+Fe),
Fe-starved (-Fe), and Fe-starved plants treated with PCIB (200 μM) or
TIBA (50 μM); in pmol per g of root fresh weight. Harvests were
performed at 4, 72 and 96 h of treatment, which corresponded to
the three columns per treatment. Average of 3 replicates with 20
plants each. p < 0.05 (Tukey HSD test)
Fig. 8 Plant concentration of Indole Acetic Acid (IAA) on wheat
plants under Fe deficiency with Fe ressuply. (a) IAA concentration in
roots of Fe-sufficient (+Fe), Fe-starved (-Fe), and Fe-starved plants
supplied with Fe applied on leaves in pmol per g of root fresh
weight. Harvests were performed at 4, 72 and 96 h of treatment,
which corresponded to the three columns per treatment. Average
of 3 replicates with 20 plants each. p < 0.05 (Tukey LSD test). b IAA
content in roots of Fe-sufficient (+Fe), Fe-starved (-Fe), and Fe-starved
plants supplied with Fe applied on leaves in pmol per g of root fresh
weight. Harvests were performed at 4, 72 and 96 h of treatment, which
corresponded to the three columns per treatment. Average of 3
replicates with 20 plants each. p < 0.05 (Tukey HSD test)
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deficient plants led to the gradual reduction in both PS
root release and TaNAAT gene expression compared to
control Fe-deficient plants. On the other hand, previous
studies have shown that other genes concerning DMA
synthesis (i.e. TaDMAS1) are upregulated in wheat root
under Fe deficiency but they remain unchanged in the
shoot [52]. These results indicate that the presence of
Fe-deficiency in leaves plays a major role in the activa-
tion of the studied Fe-starvation root responses in
wheat, a Strategy II plant species.
With regard to the nature of the signaling pathways in-
volved in the activation of Fe-deficient root responses in
graminaceous plants, current knowledge is very limited. In
Strategy I plants a number of studies have shown that this
process is rather complex and possibly involves both re-
pressive and activating signals likely related to
Fe-transporter compounds along with hormone-regulated
signaling pathways [7, 8, 12, 17, 18, 25]. Thus, hormonal
pathways integrate a coordinated action of auxin in shoot
and root [28–31] and ethylene-NO in roots [17–19]. In
graminaceous plants, recent results showed that many
genes related to plant hormone signaling (ethylene, auxin,
nitric oxide, cytokinin, jasmonate…), responded to
Fe-deficiency stress, thus suggesting the involvement of a
complex hormonal signaling network in the fine regula-
tion of Fe-deficiency induced root responses [48, 53].
Some results have suggested that ethylene might play
a role in the positive regulation of Fe-deficiency root re-
sponses [38]. If this is correct, the application of inhibi-
tors of ethylene functionality must block the expression
of Fe-deficiency root responses in Fe-starved and defi-
cient graminaceous plants. However, our results clearly
showed that the application of both Co2+, an inhibitor of
ethylene synthesis, and STS, an inhibitor of ethylene ac-
tion, did not cause any decrease in the expression or in-
tensity of PS root release and TaNAAT gene expression
compared with Fe-deficient plants in wheat. In principle,
this fact indicates that ethylene does not positively regu-
late the evolvement of these Fe-deficiency root responses
in wheat. This conclusion is in line with the results re-
ported by Romera et al. [37], who did not observe any
increase in ethylene root production in barley, maize
and wheat plants subjected to Fe-deficiency, and Welch
et al. [36] who did not observe any change in PS root re-
lease upon ACC (a precursor of ethylene synthesis) ap-
plication to barley plants. The results reported by Wu et
al. [38], who observed an increase in ethylene root pro-
duction in Fe-deficient rice plants, might be due to the
fact that rice shares some Strategy I and Strategy II
Fe-deficiency root responses [8].
On the contrary, the application of STS caused a slight
but significant increase in PS root release after 4 h, al-
though it did not affect the root TaNAAT up-regulation
associated with Fe-deficiency. These results are in line
with those reported by Welch et al. [36], who observed
an increase of PS root efflux upon AOA application in
barley. In principle, these results may be linked to the
fact that ethylene competes with nicotinamine (NA) for
the S-Adenosyl methionine availability for their respect-
ive synthetic pathways, and blocking ethylene function
may favor NA-pathway and PS biosynthesis under Fe
starvation. However, the physiological meaning of this
result is dubious, since ethylene function is crucial for
normal plant development and blocking ethylene func-
tionality negatively affect major metabolic pathways and
physiological processes. In fact, Welch et al. [36] re-
ported that despite the increase in PS root efflux caused
by AOA, both plant growth and Fe root uptake were
clearly impaired by AOA application.
Several studies have clearly stated that NO was able to
improve internal Fe availability in maize [32]. This fact
might be related in some way to the NO-ability to pro-
mote ferritin accumulation and Fe-storage in leaves [33].
In this framework, it would be possible that NO also
plays a role in the regulation of Fe-deficiency root re-
sponses in graminaceous plants through the control of
Fe remobilization within the plant. In this sense, it was
is possible that the inhibition of NO signaling pathway
by c-PTIO would decrease ferritin and increase free Fe
in the shoot thus alleviating Fe deficiency and decreasing
PS root release and root TaNAAT up-regulation. Never-
theless, our results showed that NO does not affect the
PS root release associated with Fe deficiency. Similar re-
sults were observed concerning root TaNAAT gene ex-
pression, which presented up-regulation levels similar to
those of Fe-deficient plants. As in the case of STS root
application, c-PTIO caused a slight but significant in-
crease of PS root release compared with Fe-deficient
plants after 4 h. In contrast to the dubious physiological
meaning of effects derived from the inhibition of ethyl-
ene action, the effects on Fe-deficiency root responses
resulting from the NO-action inhibition might be much
more meaningful. In this sense, as stated above,
NO-mediated improvement of internal Fe availability
might be linked to its ability to modulate ferritin accu-
mulation in leaves [32, 33, 49]. Ferritins are proteins lo-
cated in the chloroplasts where accumulation is induced
by an excess of iron. NO mediates transcriptional regula-
tion of ferritin genes by regulating an iron-dependent
regulatory sequence (IDRS), a cis-acting element that
depresses the expression of several ferritin genes under
Fe overload [33]. In this context, blocking NO function-
ality may also affect ferritin biosynthesis in leaves of
Fe-deficient plants, thus affecting ferritin gene TaFer1
expression. However, c-PTIO application did not in-
crease the down-regulation of TaFer1 associated with
Fe-deficiency. This result do not exclude that TaFer1
down-regulation is not linked to the inhibition of
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NO-dependent signaling pathways but that other signals
trigger by Fe deficiency, which may be related to other
IDRS elements [54], are also involved.
The relevant role played by auxin in the activation of
Fe-deficiency root responses in Strategy I plants has
been well established [28–31]. However, auxin action in
the activation of Strategy II plant responses has not been
directly studied yet. Some studies reported that genes
closely related to auxin transport [44] and function [43]
seem to be involved in the regulation of Fe-homeostasis
in rice. These results suggested that auxin could also
play some role in the activation of Fe-deficiency root re-
sponses in graminaceous plants. However, the fact that
rice also has Strategy I Fe-deficiency root responses [8]
makes it difficult to investigate this issue using this plant
species. Our results show that the application of PCIB,
an inhibitor of IAA-action, caused a gradual decrease of
both PS root release and root TaNAAT gene expression
over time in comparison with Fe-deficient plants. This
result indicates that IAA is essential for the activation of
Fe-deficiency root responses in wheat.
The results obtained from TIBA application, an inhibi-
tor of IAA-transport, were also meaningful.
TIBA-treated plants showed a rapid decrease in the
TaNAAT gene up-regulation caused by Fe-deficiency that
was expressed 4 h upon TIBA application. However this
effect disappeared after longer times. On the other hand
PS root release had a different pattern of variation after
TIBA application, showing no increase for all harvest
times. In principle, these results suggest that auxin
controls TaNAAT expression and PS root release
through different pathways. The fact that PCIB blocked
both TaNAAT expression and PS root release suggests
that the effects observed with TIBA may be related to
the IAA distribution in the different root zones where
the regulated biochemical events occur. Dependence of
root local processes on IAA local root distribution has
been previously reported in Arabidopsis concerning
IAA-mediated root morphological changes induced by
Fe-deficiency [55–57]. Further studies are needed in
order to clarify this issue.
In contrast to Strategy I plants [29], Fe-deficiency did
not cause any increase in the root concentration of IAA,
but a significant decrease in both root and shoot. Fur-
thermore, the application of Fe on the leaves of
Fe-deficient plants caused an additional decrease of IAA
root concentrations. These results suggest that IAA local
distribution in roots might be much more relevant than
total plant IAA concentration in the main role of IAA in
the activation of Fe-deficiency root responses in gramin-
aceous plants. In this sense, other authors also observed
that some auxin-dependent processes, such as the alter-
ation in the pattern of lateral root (LR) formation and
emergence in response to phosphate (Pi) availability in
Arabidopsis, were related to changes in auxin receptor
sensitivity but not to root IAA concentration [58].
Nevertheless, the conversion of IAA into conjugated
forms with higher auxin activity is also possible [59]. In
fact, the decrease in IAA observed in our experiments in
plants subjected to Fe starvation was associated with a
Fig. 9 Proposed mechanism for the role of indole acetic acid (IAA) in the modulation of root responses to Fe deficiency in non graminaceous
and graminaceous plants (ETH: ethylene; NO: nitric oxide) (This figure was drawn by M.G, R.B. and J.M. G-M)
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concomitant increase in several IAA conjugated forms,
principally IAA-aspartate and IAA-Glutamate (unpub-
lished results). Although aminoacid conjugation has
been related to hormonal activation in the case of JA
and JA-isoleucine [60] and with hormonal deactivation
in the case of IAA [61], recent studies showed that
IAA-Aspartate has a regulatory function in pathogen in-
fection and plant defense [59]. It is therefore possible
that any of the conjugated forms promoted by Fe defi-
ciency is involved in root plant responses to Fe defi-
ciency in graminaceous. More studies are required in
order to shed light on this issue.
Our results suggest that auxin might also be involved
in the shoot to root signaling network regulating root re-
sponses to Fe deficiency in Strategy II plants. On the
one hand, as discussed earlier, both TIBA and PCIB root
applications to Fe-deficient plants were associated with a
decrease in IAA root concentration, with these effects
being linked to significant decreases in PS root. On the
other hand, IAA application was able to promote both
root TaNAAT up-regulation and PS root release in
Fe-sufficient wheat plants. However, the time-course
pattern of the variation of the two evaluated parameters
in Fe-sufficient plants upon IAA application was differ-
ent from that of Fe-deficient plants. This fact indicates
that other factors, which may be related to a kind of re-
pressive signal as in the case of Strategy I system [19],
are probably involved in the complex signaling network
responsible for the shoot-mediated regulation of
Fe-deficiency root responses in graminaceous plants.
Conclusions
The results obtained in the present study show that the
evolvement of Fe-deficiency in the shoot regulates the
activation of the studied Fe-deficiency root responses.
Furthermore, auxin plays an essential role in the control
of the release of PS from the root to the rhizosphere in
wheat plants subjected to Fe starvation and deficiency.
The results were also compatible with a role of IAA in
the shoot regulation of Fe-deficiency root responses in
Fe-deficient wheat plants (Fig. 9). The results suggest
the possible relevance of IAA local concentration and
redistribution in specific root regions as well as the in-
volvement of IAA conjugated forms with higher auxin
activity, in the whole action of IAA on the activation of
Fe-deficiency root responses. On the other hand, ethyl-
ene and NO did not clearly modulate the studied
Fe-deficiency root responses in wheat. However, an in-
direct effect of NO cannot be ruled out since this mol-
ecule is able to improve internal Fe availability and use
in the shoot, thus delaying Fe-deficiency response.
Abbreviations
ABCB14: Gene involved in both auxin transport and Fe homeostasis; ACC: 1-
aminocyclopropane-1 carboxylic acid; ANOVA: Analysis of variance;
AOA: Amino-oxiacetic acid; ARF12: Transcription factor that activates the
auxin response gene; BRS: Brassinosteroids; c-PTIO: 2-phenyl- 4,4,5,5-
tetramethylimidazoline-3-oxide-1-oxyl; DMSO: Dimethyl sulfoxide; ETH: Ethylene;
FER: Ferritin; H+-ATPase: proton-pumping ATPase; HvNAAT-A/B, HvNAS,
IDS3: barley genome fragments; IAA: Indolacetic acid; ICP-OES: Inductively coupled
plasma optical emission spectrometry; IDRS: Iron-dependent regulatory sequence;
MAs: Mugineic acids; NAAT: Nicotianamine aminotransferase; NAS: Nicotianamine
synthase; NO: Nitric oxide; PCIB: 2-(p-chlorophenoxy)-2-methylpropionic acid;
PS: Phytosiderephores; SAM: S-adenosyl-L-methionine; STS: Silver thiosulphate;
TIBA: 2,3,5-triiodobenzoic acid; TOM1, YSL15 & DMAS1: genes involved in Strategy
II responses under Fe deficiency
Acknowledgements
This study has been supported by funds from the Government of Navarra,
CDTI from the Spanish Government, and Roullier Group.
Funding
This study has been supported by funds from the Government of Navarra
and CDTI from the Spanish Government.
Authors’ contributions
MG, RB, and JGM planned and designed the research. MG, EB, RB, SSF, and
VM, carried out plant experiments and phytosiderophore determination. MG
carried out gene expression study. AZ carried out hormonal analysis. MG, RB,
EB, and JGM analyzed critically the results. MG and JGM wrote the manuscript.
All authors read and approved the final manuscript.
Ethics approval and consent to participate
Not applicable.
Competing interests
The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest. The authors declare that they have no competing
interests.
Author details
1Department of Environmental Biology (BACh Group), School of Sciences,
University of Navarra, Pamplona, Navarra, Spain. 2Plant Physiology and
Plant-Microorganism Laboratory, University of Rio Cuarto, Río Cuarto,
Cordoba, Argentina. 3Technical and Development Department, Timac Agro
Spain, Lodosa, Navarra, Spain.
Received: 1 December 2017 Accepted: 24 May 2018
References
1. Barton LL, Abadıa J. Iron nutrition in plants and rhizospheric
microorganisms. Netherlands: Springer; 2006. https://doi.org/10.1007/1-
4020-4743-6.
2. Abadía J, Vázquez S, Rellán-Álvarez R, El-Jendoubi H, Abadía A, Álvarez-
Fernández A, López-Millán AF. Towards a knowledge-based correction of
iron chlorosis. Plant Physiol Biochem. 2011;49:471–82. https://doi.org/10.
1016/j.plaphy.2011.01.026.
3. Lucena JJ. Synthetic iron chelates to correct iron deficiency in plants. In:
Barton LL, Abadia J, editors. Iron nutrition in plants and rhizospheric
microorganisms. Netherlands: Springer; 2006. p. 103–28. https://doi.org/10.
1007/1-4020-4743-6_5.
4. Borg S, Brinch-Pedersen H, Tauris B, Heegaard-Madsena L, Darbani B,
Noeparvar S, Bach-Holm P. Wheat ferritins. Improving the iron content of
the wheat grain. J. Cereal Sci. 2012;56:204–13. https://doi.org/10.1016/j.jcs.
2012.03.00.
5. Römheld V, Marschner H. Evidence for a specific uptake system for iron
phytosiderophore in roots of grasses. Plant Physiol. 1986b;80:175–80.
6. Bienfait HF. Mechanisms in Fe-efficiency reactions of higher plants. J. Plant
Nutr. 1988;11:605–29. https://doi.org/10.1080/01904168809363828.
7. Hindt MN, Guerinot ML. Getting a sense for signals: regulation of the plant
iron deficiency response. Biochim Biophys Acta. 2012;1823:1521–30. https://
doi.org/10.1016/j.bbamcr.2012.03.010.
Garnica et al. BMC Plant Biology  (2018) 18:105 Page 12 of 14
8. Kobayashi T, Nishizawa NK. Iron uptake, translocation and regulation in
higher plants. Annual Rev Plant Biol. 2012;63:131–52. https://doi.org/10.
1146/annurev-arplant-042811-105522.
9. Ivanov R, Brumbarova T, Bauer P. Fitting into the harsh reality: regulation of
iron-deficiency responses in dicotyledonous plants. Mol Plant. 2012;5:27–42.
https://doi.org/10.1093/mp/ssr065.
10. Romera FJ, Lucena C, Alcántara E. In: Barton LL, Abadia J, editors. Iron
nutrition in plants and rhizospheric microorganisms. Netherlands: Springer;
2006. p. 251–78. https://doi.org/10.1007/1-4020-4743-6_12.
11. Bacaicoa E, García-Mina JM. Iron efficiency in different cucumber cultivars:
the importance of optimizing the use of foliar iron. J Am Soc Hortic Sci.
2009;134:405–16.
12. García-Mina JM, Bacaicoa E, Fuentes M, Casanova E. Fine regulation of leaf
iron use efficiency and iron root uptake under limited iron bioavailability.
Plant Sci. 2013;198:39–45. https://doi.org/10.1016/j.plantsci.2012.10.001.
13. Bienfait HF, de Weger LA, Kramer D. Control of the development of iron-
efficiency reactions in potato as a response to iron deficiency is located in
the roots. Plant Physiol. 1987;83:244–7.
14. Vert G, Briat JF, Curie C. Dual regulation of the Arabidopsis high-affinity root
uptake system by local and long distance signals. Plant Physiol. 2003;132:
796–804. https://doi.org/10.1104/pp.102.016089.
15. Enomoto Y, Hodoshima H, Shimada H. Long-distance signals positively
regulate the expression of iron uptake genes in tobacco roots. Planta. 2007;
227:81–9. https://doi.org/10.1007/s00425-007-0596-x.
16. Kabir AH, Nicholas G, Paltridge NG, Roessner U, Stangoulis JRC. Mechanisms
associated with Fe-deficiency tolerance and signaling in shoots of Pisum
sativum. Physiol Plant. 2013;147:381–95. https://doi.org/10.1111/j.1399-3054.
2012.01682.x.
17. García MJ, Lucena C, Romera FJ, Alcántara E, Pérez-Vicente R. Ethylene and
nitric oxide involvement in the up-regulation of key genes related to iron
acquisition and homeostasis in Arabidopsis. J Exp Bot. 2010;61:3885–99.
https://doi.org/10.1093/jxb/erq203.
18. García MJ, Suárez V, Romera FJ, Alcántara E, Pérez-Vicente R. A new model
involving ethylene. Nitric oxide and Fe to explain the regulation of Fe-
acquisition genes in strategy I plants. Plant Physiol. Bioch. 2011;49:537–44.
https://doi.org/10.1016/j.plaphy.2011.01.019.
19. García MJ, Romera FJ, Stacey MJ, Stacey G, Villar E, Alcántara E, Pérez-Vicente R.
Shoot to root communication is necessary to control the expression of iron-
acquisition genes in strategy I plants. Planta. 2013;237:65–75.
20. Takagi S. Naturally occurring iron-chelating compounds in oat- and rice-root
washing. I. Activity measurement and preliminary characterization. J Soil Sci
Plant Nutr. 1976;22:423–33. https://doi.org/10.1080/00380768.1976.10433004.
21. von Wirén N, Mori S, Marschner H, Romheld V. Iron Inefficiency in Maize
Mutant ys1 (Zea mays L. cv Yellow-Stripe) Is Caused by a Defect in Uptake
of Iron Phytosiderophores. Plant Physiol. 1994;106:71–7. https://doi.org/10.
1104/pp.106.1.71.
22. Bashir K, Inoue H, Nagasaka S, Takahashi M, Nakanishi H. Cloning and
characterization of deoxymugineic acid synthase genes from graminaceous
plant. J Biol Chem. 2006;43:32395–402.
23. Higuchi K, Suzuki K, Nakanishi H, Yamaguchi H, Nishizawa NK, Mori S.
Cloning of nicotianamine synthase genes, novel genes involved in the
biosynthesis of phytosiderophores. Plant Physiol. 1999;119:471–9.
24. Takahashi M, Yamaguchi H, Nakanishi H, Shioiri T, Nishizawa NK, Mori S. Cloning
two genes for nicotianamine aminotransferase, a critical enzyme in iron
acquisition (strategy II) in graminaceous plants. Plant Physiol. 1999;121:947–56.
25. Kobayashi T, Nishizawa NK. Iron sensors and signals in response to iron
deficiency. Plant Sci. 2014;224:36–43.
26. Bocchini M, Bartucca ML, Ciancaleoni S, Mimmo T, Cesco S, Pii Y, Albertini E,
Del Buono D. Iron deficiency in barley plants: phytosiderophore release,iron
translocation and DNAmethylation. Front Plant Sci. 2015;6:514. https://doi.
org/10.3389/fpls.2015.00514.
27. Suzuki M, Morikawa KC, Nakanishi H, Takahashi M, Saigusa M, et al. Transgenic
rice lines that include barley genes have increased tolerance to low iron
availability in a calcareous paddy soil. Soil Sci Plant Nutr. 2008;54:77–85.
28. Chen WW, Yang JL, Qin C, Jin CW, Mo JH, Ye T, Zheng SJ. Nitric oxide acts
downstream of auxin to trigger root ferric chelate reductase activity in
response to iron deficiency in Arabidopsis thaliana. Plant Physiol. 2010;154:
810–9. https://doi.org/10.1104/pp.110.161109.
29. Bacaicoa E, Zamarreño AM, Leménager D, Baigorri R, García-Mina JM. Relationship
between the hormonal balance and the regulation of iron deficiency stress
responses in cucumber. J Am Soc Hortic Sci. 2009;134:589–601.
30. Bacaicoa E, Mora V, Zamarreño AM, Fuentes M, Casanova E, García-Mina JM.
Auxin: a major player in the shoot-to-root regulation of root Fe-stress
physiological responses to Fe deficiency in cucumber plants. Plant Physiol.
Bioch. 2011;49:545–56. https://doi.org/10.1016/j.plaphy.2011.02.018.
31. Wu T, Zhang HT, Wang Y, Jia WS, Xu XF, Zhang XZ, Han ZH. Induction of
root Fe(III) reductase activity and proton extrusion by iron deficiency is
mediated by auxin-based systemic signalling in Malus xiaojinensis. J Exp
Bot. 2012;63:859–70. https://doi.org/10.1093/jxb/err314.
32. Graziano M, Beligni MV, Lamattina L. Nitric oxide improves internal iron
availability in plants. Plant Physiol. 2002;130:1852–9. https://doi.org/10.1104/
pp.009076.
33. Murgia I, Delledonne M, Soave C. Nitric oxide mediates iron-induced ferritin
accumulation in Arabidopsis. Plant J. 2002;30:521–8. https://doi.org/10.1046/
j.1365-313X.2002.01312.x.
34. Graziano M, Lamattina L. Nitric oxide accumulation is required for molecular and
physiological responses to iron deficiency in tomato roots. Plant J. 2007;52:949–60.
35. Sun H, Feng F, Liu J, Zhao Q. The interaction between auxin and nitric
oxide regulates root growth in response to iron deficiency in rice. Front
Plant Sci. 2017;8:2169. https://doi.org/10.3389/fpls.2017.02169 .
36. Welch RM, Norvell WA, Gesuwan P, Schaefer S. Possible role of root-
ethylene in Fe(III)-phytometallophore uptake in strategy II species. Plant Soil.
1997;196:229–32. https://doi.org/10.1023/A:1004202008059.
37. Romera FJ, Alcántara E, De la Guardia MD. Ethylene production by Fe-
deficient roots and its involvement in the regulation of Fe-deficiency stress
responses by strategy I plants. Ann Bot. 1999;83:51–5. https://doi.org/10.
1006/anbo.1998.0793.
38. Wu J, Wang C, Zheng L, Wang L, Chen Y, Whelan J, Shou H. Ethylene is
involved in the regulation of iron homeostasis by regulating the expression
of iron-acquisition-related genes in Oryza sativa. J Exp Bot. 2011;62:667–74.
https://doi.org/10.1093/jxb/erq301.
39. Ishimaru Y, Suzuki M, Tsukamoto T, Suzuki K, Nakazono M, Kobayashi T. Rice
plants take up iron as an Fe3+-phytosiderophore and as Fe2+. Plant J. 2006;
45:335–46. https://doi.org/10.1111/j.1365-313X.2005.02624.x.
40. Ishimaru Y, Kakei Y, Shimo H, Bashir K, Sato Y. A Rice phenolic efflux transporter
is essential for solubilizing precipitated apoplasmic iron in the plant stele. J Biol
Chem. 2011;286:24649–55. https://doi.org/10.1074/ jbc.M111.221168.
41. Liu K, Yue R, Yuan C, Liu J, Zhang L, Sun T, Yang Y, Tie S, Shen C. Auxin
signaling is involved in iron deficiency-induced photosynthetic inhibition
and shoot growth defect in rice (Oryza sativa L.). J. Plant Biol. 2015;58:391–
401. https://doi.org/10.1007/s12374-015-0379-z.
42. Zanin L, Venuti S, Zamboni A, Varanini Z, Tomasi N, Pinton R. Transcriptional
and physiological analyses of Fe deficiency response in maize reveal the
presence of strategy I components and Fe/P interactions. BMC Genomics.
2017;18:154. https://doi.org/10.1186/s12864-016-3478-4.
43. Qi Y, Wang S, Shen C, Zhang S, Chen Y, Xu Y, Liu Y, Wu Y, Jiang D.
OsARF12. A transcription activator on auxin response gene regulates root
elongation and affects iron accumulation in rice (Oryza sativa). New Phytol.
2012;193:109–20. https://doi.org/10.1111/j.1469-8137.2011.03910.x.
44. Xu Y, Zhang S, Guo H, Wang S, Xu L, Li C, Qian Q, Chen F, Geisler M, Qi Y,
Jiang A. OsABCB14 functions in auxin transport and iron homeostasis in rice
(Oryza sativa L.). Plant J. 2014;79:106–17. https://doi.org/10.1111/tpj.12544.
45. Kabir AH, Khatun MA, Hossain MM, Haider SA, Alam MF, Paul NK. Regulation
of phytosiderophores release and antioxidant defense in roots driven by
shoot-based auxin signaling confers iron toxicity tolerance in wheat. Front
Plant Sci. 2016;7:1684. https://doi.org/10.3389/fpls.2016.01684.
46. Wang B, Li G, Zhang WH. Brassinosteroids are involved in response of
cucumber (Cucumis sativus) to iron deficiency. Ann Botany. 2012;110:681–8.
https://doi.org/10.1093/aob/mcs126.
47. Wang B, Li G, Zhang WH. Brassinosteroids are involved in Fe homeostasis in rice
(Oryza sativa L.). J Exp Bot. 2015;66:2749–61. https://doi.org/10.1093/jxb/erv079.
48. Kobayashi T, Itai RI, Senoura T, Oikawa T, Ishimaru Y, Ueda M. Jasmonate
signaling is activated in the very early stages of iron deficiency responses in
rice roots. Plant Mol Biol. 2016;91:533–47. https://doi.org/10.1007/s11103-
016-0486-3.
49. Briat JF, Ravet K, Arnaud N, Duc C, Boucherez J, Touraine B, Cellier F,
Gaymard F. New insights into ferritin synthesis and function highlight a link
between iron homeostasis and oxidative stress in plants. Ann Bot. 2010;105:
811–22. https://doi.org/10.1093/aob/mcp128.
50. Reichman SM. Parker DRCritical evaluation of three indirect assays for
quantifying phytosiderophores released by the roots of Poaceae. Eur J Soil
Sci. 2007;58:844–53. https://doi.org/10.1111/j.1365-2389.2006.00874.x.
Garnica et al. BMC Plant Biology  (2018) 18:105 Page 13 of 14
51. De Nisi P, Vigani G, Dell’Orto M, Zocchi G. Application of the split root
technique to study iron uptake in cucumber plants. Plant Physiol Bioch.
2012;57:168–74. https://doi.org/10.1016/j.plaphy.2012.05.022.
52. Bashir K, Inoue H, Nagasak S, Takahashi M, Nakanishi H, Mori S, Nishizawa
NK. Cloning and characterization of deoxymugineic acid synthase genes in
graminaceous plants. J Biol Chem. 2006;281:32395–402. https://doi.org/10.
1074/jbc.M604133200.
53. Li Y, Wang N, Zhao F, Song X, Yin Z, Huang R, Zhang C. Changes in the
transcriptomic profiles of maize roots in response to iron-deficiency stress.
Plant Mol Biol. 2014;85:349–63. https://doi.org/10.1007/s11103-014-0189-6.
54. Tarantino D, Petit JM, Lobreaux S, Briat JF, Soave C, Murgia I. Differential
involvement of the IDRS cis-element in the developmental and
environmental regulation of the Atfer1 ferritin gene froms Arabidopsis.
Planta. 2003;217:709–16.
55. Giehl RFH, Lima JE, von Wirén N. Localized Iron Supply Triggers Lateral Root
Elongation in Arabidopsis by Altering the AUX1-Mediated Auxin Distribution.
Plant Cell. 2012;24:33–49. https://doi.org/10.1105/tpc.111.092973.
56. Giehl RFH, Lima JE, von Wirén N. Regulatory components involved in
altering lateral root development in response to localized iron: Evidence for
natural genetic variation. Plant Signal Behav. 2012;7:711–3. https://doi.org/
10.4161/psb.20337.
57. Giehl RF, Gruber BD, von Wirén N. It’s time to make changes: modulation of
root system architecture by nutrient signals. J Exp Bot. 2014;65:769–78.
https://doi.org/10.1093/jxb/ert421.
58. López-Bucio J, Hernandez-Abreu E, Sanchez-Calderon L, Nieto-Jacobo MF,
Simpson J, Herrera-Estrella L. Phosphate availability alters architecture and
causes changes in hormone hensitivity in the arabidopsis root system. Plant
Physiol. 2002;129:244–56. https://doi.org/10.1104/pp.010934.
59. Gonzalez-Lamothe R, El Oirdi M, Brisson N, Bouaraba K. The Conjugated
Auxin Indole-3-Acetic Acid–Aspartic Acid Promotes Plant Disease
Development. Plant Cell. 2012;24:762–77. https://doi.org/10.1105/tpc.111.
095190.
60. Fonseca S, Chini A, Hamberg M, Adie B, Porzel A, Kramell R, Miersch O,
Wasternack C, Solano R. (+)-7-iso-Jasmonoyl-L-isoleucine is the endogenous
bioactive jasmonate. Nat Chem Biol. 2009;5:344–50. https://doi.org/10.1038/
nchembio.161.
61. Ludwig-Müller J. Auxin conjugates: their role for plant development and in
the evolution of land plants. J Exp Bot. 2011;62:1757–73. https://doi.org/10.
1093/jxb/erq412.
Garnica et al. BMC Plant Biology  (2018) 18:105 Page 14 of 14
